Abstract: Maleimides were combined with D-erythrose benzylidene-acetal 1,3-butadienes 1 and 2 to study the facial selectivity of the Diels-Alder cycloadditions. The selectivity was found to be from moderate to good. The reaction diastereotopicity can be reversed with the temperature. Simultaneous coordination of diene 1, having a free hydroxyl group, and maleimide 3 to a chiral bimetallic Lewis acid catalyst (LACASA-DA reaction) occurs with complete diastereo-control to give a single adduct, using an extra chiral inductor either R-or S-BINOL.
In a previous study in our laboratory a complete chiral induction was also found in [4π+2π] cycloadditions of some D-erythrose benzylidene-acetal 1,3-butadienes, having an ether protection at C-5, with 2, . and N-phenylmaleimide (4) were now combined with D-erythrose dienes 1 and 2. The facial selectivity of the DA are moderate to good in thermal reactions, and interestingly the topicity was reversed when the cycloadditions were run at 5 ºC. Self-assembly of the components of the DA in a Lewis acid template turned the selectivity complete in two cases.
D-Erythrose benzylidene-acetal 1,3-butadienes possessing the alcohol function protected (like 2) reacted before with PTAD to give a single product, the endo, S configuration adduct at the new stereogenic centre. 2 The reaction turned out to be less selective when the diene bears an unprotected hydroxyl group at C-5, 1. Reacting now diene 2 with N-phenylmaleimide in dichloromethane (the solvent used in reactions with PTAD) the selectivity was reduced from complete to a 2:1 ratio of endo-diastereomers; the major being the S isomer, 5, and the minor its diastereomer R, 6. The selectivity dropped to zero when diene 1 reacted with Nphenylmaleimide (4). The best selectivity with maleimides occurs when at least one of the reagents has the possibility of acting as a proton donor in a hydrogen bond: combination of diene 2 to NH-maleimide (3) affords a 3 (S) : 1 (R) ratio of isomers; combination of diene 1
with NH-maleimide (3) also yields the same ratio of isomers. Scheme 1 recorded the four possible combinations of the reagents. The reactions conditions and the yields of products are collected in table 1. Considering the unexpected behavior of maleimides in relation to PTAD, figure 1 shows a possible explanation for the fact. The reagents superimposition in pictures A, B and C show the dienophiles approaches to the re face of the diene, leading to the R configuration products. In case A the proximity in space between the two electronegative atoms of the diene and dienophile may result in repulsion between reagents and turn the approach unlikely. Picture B does not evidence repulsion due to the own nature of maleimides, which may result in a likely approach in case B, that did not occur in case A. Even so, as picture C shows, attack on the si face would result in a less bulky interaction between reagents, which may explain the S configuration compounds as the major isomers in most reactions. Table 1 displays some relevant reactions conditions employed in DA between erythrose dienes (1, 2) and maleimides (3, 4) . In the majority of the cases a higher yield of the S-configuration product is observed. The reactions take usually some days, but in one case it was shortened from 5 days to 15 h by increasing the temperature to 40 ºC with some loss of selectivity (compare entry 3 and 4). Diene 1 and NH-maleimide (3) were also combined at 5 ºC (entry 2).
Diastereomer R is now the major compound, showing that the approach direction of reagents is highly dependent of temperature. A possible interpretation for this fact may be an establishment of a hydrogen bond in the approach of maleimide by the re face of the diene as shown in figure   2 . At higher temperature the hydrogen bond is probably not forming. There is an enormous amount of information in the lit. trying to connect the outcome of DA cycloadditions with a possible hydrogen bond effect between reagents. 3a-g The idea of the effect of a hydrogen bond is reinforced by the result of the experiment carried out at 5 ºC by combining diene 2 and Nphenylmaleimide (4), which has no possibility of forming a hydrogen bond. The major isomer is the S configuration as happen at rt (compare entries 5 and 6), with selectivity improvement.
The result obtained shows a different trend from the one that came out by comparing entries 2 and 3. To improve the facial selectivity of these DA cycloadditions it was decided to self-assembly the reagents by tethering erythrose diene 1 and maleimides 3 /4 in a LACASA-DA cycloaddition using bimetallic complex of Mg(II) and Zn(II) coordination in which R-and S-BINOL were chiral inductors. This implies an important advantage over the simple Lewis acid catalysis because covalent bonds to the metals are established and the reaction is almost an intramolecular cycloaddition as shown in scheme 2. This method has been first developed by Inomata 5a,b using a tartaric acid-zinc complex in reaction of nitroso dienophiles with a dienol, and later by Ward. When N-phenylmaleimide replaced NH-maleimide, in the complex with R-BINOL and diene 1 a 2.5:1 ratio of isomers was obtained, in 50 % global yield, favoring the R compound. Both isomers were isolated in 35 % (R) and 15 % (S) yields. In this case no covalent bond could have been established and the reaction attack of the dienophile could now occur by the less bulky rear face of the diene.
In conclusion NH-and NPh-maleimides were combined to erythrose dienes 1 and 2 showing at its best a 1:3 ratio of isomers. It was even possible to revert the selectivity playing with the reaction temperature. Products can be effectively separated in the majority of the cases by column chromatography. Single S isomers were isolated in moderate yields in the case of NHmaleimide (3) and diene 1 by using bimetallic complex templates of Zn (II) and Mg (II) and Ror S-BINOL. Combination of diene 1, N-phenylmaleimide (4) and R-BINOL in the same conditions led to the R isomer (35 % yield) together S isomer (15 % yield).
